Abstract-For spacecraft with large flexible antennas, andor flexible support structures, suppressing vibrations caused by on-orbit operational disturbances (e.g., antenna slew maneuvers and thruster firings) is a challenging problem. In the past several years, advances in smart structure technologies have made their use in real-time dynamic control cif a structure possible. This paper discusses analytical investigations that are focused on the development of improved vibration suppression techniques for flexible spacecraft structures using smart structure actuators and sensors.
In general, active control of large flexible structures can be used to improve performance, e.g., shape fidelity, line-ofsight pointing accuracy, and vibration and disturbance suppression. Large-scale models of such structures (e.g., finite element models) are appropriate for dynamic simulation but cannot be used as a basis for control algorithms, whch must be implemented via computer in real-time. Therefore, control algorithms are often based on Reduced-Order Models (ROM) of the structure dynamics. Whenever such a controller operates in closed-loop with the actual structure, unwanted Controller-Structure Interaction (CSI) occurs due tci un-modeled dynamics. CSI can cause performance degradation and even instability. These instabilities can easily be relieved by the use of low-order Residual Mode Fih'ers (RMF). These filters can be added on after the original ROM controller has been designed, and they produce very little degradation of designed performance while yielding an acceptable stability margin for closed-loop operation.
The research presented in this paper integrates smart structure control technologies with the ROM-RMF control technique for aciive vibration control of a flexible spacecraft structure. This smart structure control technique is applied to a model of the U.S. Naval Postgraduate School's Flexible Spacecraft Simulator (FSS). The FSS simulates motion about the pitch axis of a spacecraft, and is comprised of a rigid central body and a reflector supported by a two-link flexible antenna support structure. The flexible arm representing the antenna support structure has two sets of piezoclxamic sensors and actuators, which are used for active vibration control. The ROM-RMF control technique, used in conjunction with optimal control laws, is amawal@,aa.ntx.navv.mil 408-656-3338 developed for use with these smart sensors and actuators. The performance of this controller is then compared with the performance of other smart structure controllers previously developed for FSS control. 
INTRODUCTION
A current trend in spacecraft design is a movement toward larger, more complex designs, while concurrently reducing the spacecraft's mass to reduce launch costs. The resulting large, lightweight spacecraft are extremely flexible, having low-frequency fundamental vibration modes. These modes are often excited during normal on-orbit operations such as slewing, pointing maneuvers and thruster firings. Effective suppression of this induced vibration is a new and challenging task for spacecraft designers. One promising solution to this design problem is the use of smart structure technologies, including embedded sensors and actuators, and innovative control laws.
In general, smart structures are the system elements that sense the dynamic state and change the system's structural properties (e.g., natural frequencies and damping) to meet given performance objectives. There are several types of embedded sensors and actuators that can be used for vibration suppression and structural control. Embedded sensor candidates are piezoelectric deformation sensors, strain gages, and fiber optic sensors. Embedded actuator candidates are piezoceramic wafers, electrostrictive ceramic wafers, piezoceramic polymer film and shape memory metal wires. This paper focuses on the use of embedded piezoceramic materials for both sensing and actuation in vibration suppression.
Briefly, piezoelectricity is a phenomenon that describes certain materials that generate electricity when a mechanical stress is applied. This is known as the direct piezoelectric U.S. Government work not protected by U.S. copyright. effect. Conversely, when an electric field is applied to these materials a mechanical stress is generated. In this paper, lead zirconate titanate (PZT) piezoceramics are used for both sensing, via the direct effect, and actuation (converse effect) in an experiment to demonstrate their effectiveness in flexible spacecraft vibration suppression.
With respect to the control of smart structures, conventional control methods have worked well in the past. However, new design methods are required to obtain improved performance and robustness characteristics from the structural control system in order to satisfy future design specifications. Positive position feedback (PPF) [I, 2, 31 and velocity feedback are two proven methods of structural control that work well with piezoceramic actuators and sensors. PPF offers quick damping for a particular mode, provided that the modal characteristics are well known, and is also easy to implement. Strain Rate Feedback (SRF) control has also been used for active damping of a flexible space structure [4] . SW has a wider active damping region and can stabilize more than one mode given a sufficient bandwidth.
The above methods are primarily devised for single-mode vibration suppression, and have limited effectiveness for multi-mode vibration suppression. With a multiple-inputmultiple-output (MIMO) control system, linear quadratic control methods are the preferred choice and can be used effectively for multi-mode vibration suppression. Linear Quadratic Gaussian (LQG) design has been applied in smart structure control applications [5, 6, 71. The control input of LQG is designed to optimize the weighted sum of the quadratic indices of energy (control input) and performance. By adjusting the weights, LQG design can meet a specific requirement, for example, to minimize deflection of a flexible structure. The LQG control approach is well suited for the requirements of damping out the effect of disturbances as quickly as possible and maintaining stability robustness. For this reason, LQG control is utilized in the development of a ROM-RMF smart structure controller in this paper.
Active control of large flexible structures requires the use of reduced-order control algorithms.
Inherent in the application of ROM control schemes is the problem of controller-structure interaction (CSI). The issue of CSI is addressed through residual mode filter compensation, which is added onto the ROM controller. The design of the ROMbased control law considers only system performance, while the RMF design insures closed-loop stability. This paper presents the application of LQG control and ROM-RMF control techmques to vibration suppression of a flexible structure through the use of embedded piezoceramic sensors and actuators. The flexible structure to be controlled is a two-link flexible appendage on the Flexible Space Simulator (FSS) at the U S . Naval Postgraduate School.
With a control objective of minimizing displacement, ROM-&MF control was implemented on the flexible appendage in a cantilevered configuration utilizing piezoelectric sensor output representing structural displacement. Induced vibrations were subsequently controlled through the application of control signals to the embedded piezoelectric actuators. This paper presents the modeling and simulation results for this ROM-RMF control investigation.
EXPERIMENTAL SETUP
The Flexible Spacecraft Simulator (FSS), shown in Figure  2 .1, simulates motion about the pitch axis of a spacecraft. It is comprised of a single degree-of-freedom rigid central body, representing the spacecraft central body, and a multiple degree-of-freedom, two-link flexible appendage, representing an antenna reflector with a flexible support structure. The flexible appendage is composed of a base beam cantilevered to the main body and a tip beam connected to the base beam at a right angle with a rigid elbow joint. In this experiment, the main body is fixed relative to the granite table and the flexible appendage is floatedsupported by one air pad each, at the elbow and tip, and allowed to vibrate freely. 
SYSTEM MODELING
The flexible appendage is modeled [7, 81 using the finite element method. For the analysis, 6 elements were used to characterize the sbucture. Figure 3 .1 shows the element configuration and measurements. Elements 1 and 4 are piezoceramic actuiator elements, elements 2 and 5 are piezoceramic sensor elements, and elements 3 and 6 are simple aluminum beam elements. Point masses were added to the elbow joint and tip to represent the connection brackets and air pads. The basic elements were formulated using the direct method of derivation, but were subsequently augmented with the mass and stiffness properties of the piezoelectric patches. Table 3 .1 gives the material properties used in modeling the appendage and Table 3 .2 gives piezoceramic properties. wafer on an arm and the alignment of its poling axis, both of whch influence the electro-mechanical relationships.
In this smart structure, the voltage developed from the piezoceramic sensors is fed to the piezoceramic actuators by way of the designed control system.
In a sensory mode, the piezoceramic wafers produce a charge, Q, between their electrodes that is directly proportional to the lateral strains and is given by where A is the lateral area of the piezoceramic wafer, E is Young's modulus of the wafer, d,, is the lateral charge coefficient, and E, and are the strain values in the lateral directions. The capacitance, C, for a piezoceramic wafer is given by
where D is the dielectric constant of the piezoceramic and t is the thickness of the wafer. The voltage V produced by a sensor under strain is given by
When using piezoceramic wafers as actuators, the attachment geometry is similar to the sensor geometry shown in Figure 3 .2. The control voltage e is applied to the wafers and the lateral strain that is developed can act to control the bending of the beam. The electric field that is developed by the wafer is given by
The equations of motion for the flexible arm with piezoceramic sensors and actuators are obtained using the fiiite element method and are in the form 
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In designing a controller for flexible structures, certain system modes are extremely important in the overall performance of thr: structure. A reduced-order model (ROM) based control focuses on these modes, providing a viable active comtrol algorithm for large systems. Unfortunately, un-modeled structural dynamics can interact with the ROM controller, through controller-structureinteraction (CSI) and cause crippling deterioration of system performance, possibly to the point that system stability is lost. A residual mode filter (RMF) eliminates one channel of CSI:, while adding only a simple, secondorder filter to the control loop. Thus, the ROM controller can be designed separately, based strictly on performance criteria. Residual mode filters can then be selected to compensate for CSI as needed.
Modeled Modes b
Sensors
A fundamental advantage of ROM-RMF design is its straightforward methodology [9, 10, 111. The design advances from one stage to the next without iteration, and the controller is constructed incrementally. To begin, a reduced-order model is assembled. A variety of techniques may be used to gemrate a suitable ROM, but in this paper a modal reduction scheme is used. Given a modal representation of the system, the modes important for performance are selected. These modes make up the ROM, while all others are defined as residual modes. The only constraint on the ROM is that it contains all rigid body modes of the plant.
The controller is designed to tailor the output of the ROM modes to meet performance specifications. However, communication between the plant and the controller occurs through actuators and sensors, and is therefore non-modal. As shown in Figure 4 .1, actuators pump energy into all modes and sensors cannot distinguish modal data. Since the control model includes no information about residual modes, the ROM controller may be unstable in closed-loop with the plant. Even if controller-structure interaction is not severe enough to destabilize the feedback system, it will reduce system performance, possibly below acceptable limits.
In the next stage of design, the closed-loop system is analyzed for stability. Assume here that CSI degrades the system's response inadmissibly, since if this were not the case, controller design would be finished. From the analysis, one can distinguish the residual modes that interact most acutely with the ROM-based controller; call these modes Q-modes. The residual mode filter is designed to reproduce modal data using knowledge of the Q-modes, and the measured output of the system. Exploiting this information, the input to the ROM control is screened via a R M F added around the controller, as shown in Figure 4 .2.
The RMF design proceeds independently from the design for performance, and thus requires no redesign of the ROM controller. Though designed after the ROM controller to stabilize the closed-loop system, the RMF is not a "patch." Rather, analysis shows the RMF to be a simple extension of the state observer [ 121. RMF compensation makes better use of whatever knowledge there is of the plant through a small addition to the ROM controller. Thus, ROM-RMF design guides the splitting of a single, complicated problem (design for stability and performance) into its component parts, while guaranteeing stable, ROM-based control.
State Space Representation
As discussed in the previous section, a modal description of the system is required for the implementation of ROM control. In th~s case, modes are determined via finite element analysis of the FSS. Solution of the eigenvalue problem using the finite element model discussed in Section 3 yielded 12 modes and mode shapes. Table 4 .1 lists the first 6 frequencies of oscillation and Figure 4 .3 shows the first 2 mode shapes. These two modes are the primary carriers of energy for the structure, and will be included in the ROM and actively controlled. In the absence of tlhe extemal input, the system dynamics are governed by
[,M]ij+[K]q=O
Considering the extemal inputs, and both state noise and sensor noise, Eqn. B E %24x2 1s ' the input matrix. C E iR2x24 is the output matrix. v E %2 represents the measurement noise. F is the plant uncertainty matrix and w is the state noise vector. The states are estimated using a Kalman filter.
Linear Quadratic Gaussian Control
To minimize displacement of the flexible appendage, the Linear Quadratic Gaussian (LQG) method is used. The control voltages for the actuators are determined by the optimal control solution of the Linear Quadratic Regulator (LQR), which is an effective and widely used linear control technique. Provided the full state vector is observable, this method can be employed to meet specific design and performance criteria. A quadratic cost function is used to minimize the performance index, J. The general form for the LQR is
where Q is the state weighting matrix, and R is the control weighting matrix. The solution to the LQR problem seeks a compromise between minimum energy (control input) and best performance. 
E { w T ) = V ( t ) 6 ( t -r ) E{vwT) = X(t)&t-ir) E { W T }
= W ( t ) s(t -z) and x(t) is the system cross-covariance matrix, which is a function of the correlation of sensor noise to plant noise. (Under most circumstances X ( t ) is normally zero). E { } denotes mathematical expectation.
ROM Controller Design
In the development of a ROM controller, N-modes are selected for inclusion in the ROM and the states of the system, as given in Eqn. 4.6, are partitioned according to = {::} where R denotes the number of residual modes. In this control investigation N=2, corresponding to a ROM based on the first two low-frequency modes of the system. Assuming for the time being that plant uncertainty and state and measurement process noise in Eqn. 4.6 are negligible, the state equations can be written in partitioned form according to X, = A,x, + B,u X, = ARx, + B,u (4.12) Modal information for the N-critical modes can be used to assess the controllability and observability of the ROM (AN, B,, C,) . For this particular configuration of the FSS (i.e., fixed central body and given piezoelectric actuator and sensor locations) the system was found to be controllable, but not observable. However, the conditions for a unique positive definite solution to the LQR problem were met (i.e., Q symmetric and positive semidefinite, R symmetric and positive definite and (AN, BN) controllable). For the research presented here, a ROMbased state estimator was used in lieu of the Kalman Filter in (4.9) and (4.10). However, since (AN, C,) was not observable, there was some difficulty placing the poles of the estimator to the left of the poles of the regulator in the left-half-plane, as is typically desired in control system design.
where the process noise covariance matices V and Ware given by
The ROM-based state estimator is given by u = G N i N (4.13) ii = A,.?, BNu+ K N ( y -F N ) where G , = -KL12R in (4.8) and the estimator error, e, i, -x,, saiisfies e, = ( A , -K,C,)e, + KNCRxR (4.14)
Defining W = e , , the closed-loop system is now 
Uncompensated RCM Controller Pe$ormance
There are various techniques, such as perturbation theory, for determining the stability of A, in the presence of observation spillover (KNCR) and control spillover (BRGN). In this case, however, the dimension of A, is not prohibitively large and the eigenvalues are computed directly using MATLAB. In this case, all eigenvalues are in the left-half-plane and the system is stable, even in the presence of spillover. Simulations for the open-loop ROM and closed-loop ROM systems were conducted. 
A Few Words about Residual Mode Filters
Although the use of a residual mode filter is not warranted here, some of the techniques [13] for identifying troublesome modes, or Q-modes, are relevant. The Q-mode selection process is not an exact science and is based on performance measures and rules of thumb. One useful indicator is the relative magnitudes of (KNCR), or the observation spillover, for the residual modes. For the 2-mode ROM presented here, this indicator identified the second residual mode (mode 4 from Table 4 .1) as a possible troublesome mode since it was the only residual mode with non-zero elements in (KNCR). This particular residual mode also had relatively high values of control spillover in (BRGN). The spillover effects for this residual mode, as well as the others, did not signiJicantly degrade performance and a RMF is not required. However, if the ROM controller is subsequently redesigned to increase performance, this modal information will be useful in designing and implementing a RMF if required. And finally, the residual mode information from this investigation has led to subsequent research featuring a 1 -mode ROM controller. This paper presented an analytical investigation that focused on the development of improved vibration suppression techniques for flexible spacecraft structures using smart structure actuators and sensors. The effectiveness of reduced-order model (ROM) control in multi-mode vibration suppression of the Naval Postgraduate School's Flexible Spacecraft Simulator (FSS) was demonstrated. A finite element model of the FSS was presented and subsequently used to develop a 2-mode ROM of the FSS using the first two low-frequency modes of the system. LQG techniques were used for ROM controller gain selection. Simulations of the resulting ROM-control system showed marked improvement over the performance of the open-loop system, and stable closed-loop performance in the presence of observation and control spillover. This Spillover is a result of interaction of the un-modeled dynamics of the flexible structure with the controller, but was not significant enough to necessitate the use of a residual mode Jlter (RMF) in this control investigation. The performance of the ROM controller, although preliminary, compares favorably with other smart structure control techniques and will be implemented in a subsequent experimental control investigation using the FSS in the near future.
